AlTi intermetallic compounds were coated by electro-spark deposition. Commercially pure titanium (Cp-Ti) (grade 2) and aluminum rods were used as substrate and electrode materials, respectively. During the electro--spark deposition experiments the following pulse parameters in a group were used: pulse current amplitude, pulse duration and pause between the pulses of a pulse group with 100300500 A, 50100 µs, and 100 µs, respectively. AlTi coatings having a thickness range of 1530 µm were formed on the surface of titanium substrate using electro-spark deposition process. The coating properties such as the roughness and the thickness increased with increasing pulse duration and pulse current amplitude. The mass transfer coecient decreased with increasing pulse current amplitude and pulse duration. The quality of the adhesion characters of the coatings, determined by Rockwell-C adhesion test, becomes worse from HF-2 to HF-4, due to increase of pulse current amplitude. Depending on the electro-spark deposition process parameters, the coating formed as AlTi or as layered structure consisting of AlTi+AlTi3 when pulse current amplitude increases. The AlTi coatings include some micro cracks lying throughout the coating from surface to interface which is nature of this process. The maximum cross-sectional hardness of the coatings were in the range of 8001150 HV.
Introduction
Titanium alloys are the most attractive metallic materials in recent years due to their high corrosion resistance, low density, low elastic modulus, biocompatibility, and high strength. Due to its suitability in aerospace, medical, and dental applications, the interests and studies on titanium and its alloys have increased. Although, titanium and its alloys show better mechanical and chemical properties comparing to some other metals, they have weakness when used in frictional applications [1, 2] . Because of this weakness, the aim of this study is to improve surface properties of CpTi, such as coating with TiAl intermetallics with electro-spark deposition (ESD) process. AlTi intermetallics coating will give attractive chemical and mechanical properties to titanium-based structural materials [3] .
ESD treatment provides several benets such as: strong metallurgical bond with the substrate, wear proof, easy to use, low cost for surface engineering and small heat aected zone on the work-piece. ESD equipment can provide coatings with a better surface quality and interface (coatingsubstrate) characteristics, and opportunities such as faster and more ecient production. There are various parameters aecting the properties of coatings obtained by ESD method, such as electrical parameters (voltage, capacitance, ampere, inductance, pulse * corresponding author; e-mail: msyilmaz@gyte.edu.tr intensity and duration), working medium (gas medium, temperature), electrode material (composition, density, shape, travelling speed, contact intensity) and substrate material (material choice, surface preparation, cleaning, temperature, shape) [4] .
Experimental
Commercial ESD machine equipped with a hand-held gun was used. Commercially pure titanium substrates (cathode) and commercially pure aluminum rods as electrode (anode) were used in this study. Parameters of ESD process were investigated experimentally and literarily, in order to form a better coating layer on the substrates. All substrates were mechanically ground with 2001200 mesh emery papers and cleaned ultrasonically for 5 min with acetone.
During the experiments the following pulse parameters in a group were used: pulse current amplitude, pulse duration and pause between the pulses of a pulse group with 100300500 A, 50100 µs, and 100 µs, respectively. Accordingly, electrical charge (2000 mC), system voltage (17 V), coverage rate (60 s/cm 2 ), rectangle pulse patterns, and vibration frequency of the electrode holder were kept constant.
In the present research, 200 Metler Toledo Precision Balance, which has 0.001 mg sensitivity, was used to determine the mass transformation. The surface roughness measurement was performed by using Perthometer S8P (Perthen-Mahr, Göttingen, Germany) optical prolometer. Rockwell-C test was used to analyze the adhesion properties of the coatings. Identication of the (593) phases was performed by using a Philips PW 3710 type X-ray diractometer. X-ray diraction (XRD) analyses were conducted by using Cu K α radiation tube. Diraction angle was between 20 and 90
• , with a step increment of 0.02
• and account time of 1 s. Microstructures of the coatings were investigated by computer equipped Philips XL30 type eld emission scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDX). Cross-sectional hardness tests were carried out with Mitutoyo MicroWizhard micro-hardness tester under indentation load of 5 g.
Results and discussions
The ESD process parameters and some of the properties such as surface roughness, thickness, and mass transfer coecient of the coatings were given in Table. In Table it was noticed that the mass loss of anode increases with increasing pulse current amplitude and pulse duration, however the mass gain of cathode decreased with increasing pulse current amplitude and pulse duration (Fig. 1a) . The coating properties such as roughness (Fig. 1b) and thickness (Fig. 1c) increased with increasing pulse duration and pulse current amplitude. Intermetallic coatings having thickness of 15 30 µm were formed on the surface of titanium substrate using the ESD.
Although there is a decrease in mass transfer coecient with increasing pulse current amplitude and pulse duration, still the coating thicknesses generally increased, which shows that the increase in coating thickness is independent of the mass transfer coecient. Diusion mechanism becomes more active by the increase on pulse current amplitude and pulse duration.
Rockwell-C adhesion test was used to analyze the adhesion properties of the coatings qualitatively. In this test, we analyzed the cracks and the breaks of the coatings. The characteristics of the coatings compared with the standard Rockwell-C adhesion test and dened for sucient adhesion as HF 1 to HF 4 and for insucient adhesion as HF 5 and HF 6 [5] . Examination of the Rockwell-C indents showed that there were only cracks on the coatings, where no coating detachment was observed (Fig. 2) . Thus, the adhesion of the coatings are HF-2 quality for sample-A and sample-D, HF-3 quality for sample-B and sample-E and HF-4 quality for sample-C and sample-F as seen in Fig. 2 . The quality of the adhesion characters of the samples becomes better, due to decrease of the pulse current amplitude. Fig. 3 . The peaks of AlTi, AlTi 3 , AlTiO 2 and TiN phases were identied on the XRD patterns. It should be also noticed that peaks of AlTi phase were determined on the XRD patterns of all coated specimens. While the peak intensities of AlTi phase decreased with increase of the pulse current amplitude (300500 A), the peak intensities of AlTi 3 phase increased with the increase of the pulse current amplitude. Cross-sectional SEM micrographs of coatings showed that there were rather homogeneous mixtures of coating layers on specimens when pulse current amplitude was 100 A (Fig. 4ac, sample-A,D) . On the other hand, the coatings become laminar when the pulse current amplitudes are 300 and 500 A (Fig. 4b) . Additionally, SEM analysis showed microcracks lying throughout the coating from surface to interface (Fig. 4) . Variations on process parameters did not cause signicant changes on amount and size of these cracks. These microcracks were evaluated as the nature of this process [3, 6] . These cracks are generated by the combination effect of cooling rate and thermal expansion dierences [6] .
These microcracks are seen in all studies carried on using these material couples. Due to prevent crack formation heating of the substrate material before coating process and controlled cooling or repairing cracks by laser melting treatment after coating process was performed [4, 710] . Homogeneous and lamellar coating layers were formed during ESD experiments. The coating layers are illustrated in Fig. 5a . A very thin layer of Al rich phase exists on the surface of the coating. Toward to interior, the layers of AlTi and AlTi 3 phases were observed. These layers were clearly seen after the etching of the sample-B (Fig. 5a ). The elemental aluminum (Fig. 5b ) and titanium (Fig. 5c ) EDX mapping results support the presence of AlTi and AlTi 3 phases.
The structural change from homogeneous to lamellar coating occurred due to the change of pulse current amplitude. This behavior may be related to high pulse current amplitude which causes the temperature rises. This temperature rise allows to reach high diusion rate of aluminum in the coating which results lamellar as AlTi and AlTi 3 from surface to substrate [3] .
Hardness
The cross-sectional hardness proles of three dierent samples are given in Fig. 6 . The maximum cross--sectional hardness of the coatings were in the range of 8001150 HV. These hardness values are much higher than that of Cp-Ti substrate hardness (230 HV). The hardness values of this study are up to three times higher than the values reported in the literature. Annealed titanium aluminides hardnesses are around: 250 HV for Ti25Al, 290 HV for Ti48Al (γ-phase), 370 HV for Ti55Al (γ-phase) [3, 11] . This high hardness values are probably due to the rapid cooling of the ESD process. The increase in hardness provides excellent wear resistance of this intermetallic coatings [3] . 4. Conclusion In this study, the following conclusions were obtained. Titanium aluminum coating layers having a thickness range of 1530 µm were formed on the surface of titanium substrate using ESD process. The coating properties such as the roughness and the thickness increased with increasing pulse duration and pulse current amplitude. The mass transfer coecient decreased with increasing pulse current amplitude and pulse duration. The quality of the adhesion characters of the samples, determined by Rockwell-C adhesion test, becomes worse from HF-2 to HF-4, due to increase of pulse current amplitude. Depending on the ESD process parameters, the coating formed as TiAl or as layered structure consisting of TiAl+Ti 3 Al when pulse current amplitude increases. The titanium aluminum intermetallic coatings include some microcracks lying throughout the coating from surface to interface which is nature of this process. The maximum cross-sectional hardness of the coatings were in the range of 8001150 HV.
